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A B S T R A C T

Peptide vaccines based on tumor antigens face the challenges of rapid clearance of peptides, low immunoge-
nicity, and immune suppressive tumor microenvironment. However, the traditional solution mainly uses exog-
enous substances as adjuvants or carriers to enhance innate immune responses, but excessive inflammation can 
damage adaptive immunity. In the current study, we propose a straightforward novel nanovaccine strategy by 
employing homologous human ferritin light chain for minimized innate immunity and dendritic cell (DC) tar-
geting, the cationic KALA peptide for enhanced cellular uptake, and suppressor of cytokine signaling 1 (SOCS1) 
siRNA for modulating DC activity. Upon fusing with the KALA peptide, this nanovaccine presents as a novel 40- 
mer cage structure, with highly enriched antigen peptides of proper size (25 nm) for targeted delivery to lymph 
nodes. The loading of SOCS1 siRNA onto the KALA peptide promoted DC maturation in tumor environment, 
leading to a 3-fold increase in antigen presentation compared to alum adjuvant. Moreover, it demonstrates 
remarkable efficacy in suppressing tumor progression and metastasis, together with prolonged survival. In 
addition, the nanovaccine stimulates up to 40 % memory T cells, thereby achieving sustained protection against 
tumor re-challenge. This unprecedented nanovaccine platform can ignite fresh interdisciplinary discussions on 
interactive strategies for future peptide vaccine development.

1. Introduction

Cancer immunotherapy has been acclaimed as a revolutionary 
breakthrough in tumor treatment [1–3]. Differing from other immuno-
therapies, cancer vaccines harness innate immunity—rapid, transient 
non-specific inflammation and phagocytosis—to initiate adaptive im-
munity. This process induces specific cytotoxic responses and generates 
memory cells for long-term protection [4–7]. Peptide vaccines, inte-
grated with specific or associated antigenic epitopes to guide T-cell 
immune responses [5–7], have demonstrated favorable biosafety, 
tolerability, and low production costs, leading to a higher number of 
clinical trials compared to other types of cancer vaccines [8]. However, a 
review of clinical data on peptide vaccines from 1995 to 2004, involving 
approximately 323 patients, revealed a mere 2.9 % objective response 
rate [9,10]. These unsatisfactory immune responses can be attributed to 

the low stability of peptides that are susceptible to in vivo degradation, 
ineffective antigen transport to draining lymph nodes, as well as the low 
immunogenicity caused by tumor antigens derived from patient them-
selves and immune-suppressive environments [11–13].

To address these challenges, numerous of exogenous materials, 
including lipids, synthetic copolymers and protein nanocages derived 
from bacteria or viruses, have been engineered for antigen protection 
and targeted delivery to lymph nodes [10,12–14]. Additionally, to boost 
immunogenicity further, researchers have incorporated adjuvants like 
aluminum salts [15,16], emulsions [17,18], and specific pattern recog-
nition receptor (PRR) ligands into the formulations [19–21]. However, 
the combined use of different adjuvants is frequently required to trigger 
simultaneous immune stimulation through diverse mechanisms for 
sufficient responses [22]. With deeper exploration of immuno-oncology, 
exogenous stimuli-induced inflammation was found critical in 
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weakening the adaptive immunity. For example, Listeria monocytogenes, 
used as a cancer vaccine carrier due to its selective infection of host 
antigen presenting cells (APCs) and activation of NAIP-NLRC4 inflam-
masome, can dampen memory CD8+ T cell responses from excessive 
inflammation [23,24]. Helicobacter pylori, as a TLR5 agonist, promotes 
the production of IL-18 and TNF-α, activating the innate immunity while 
also aggravating the activity of Treg cells, thereby causing immune 
evasion [25,26]. Over-activation of the innate immune system leads to 
adverse effects and disrupts the balance between innate and adaptive 
immunity, potentially compromising vaccine efficacy.

Dendritic cells (DCs), as a frontline warrior in initiating anti-tumor 
immune responses, however, mostly remain in an immature state 
within the immune suppressive microenvironment of tumors, resulting 

in inadequate antigen capture, presentation, and T cell recruitment and 
activation [27]. In this regard, STAT3, SOCS, and BACH play key roles in 
modulating the activation and differentiation processes in APCs and T 
cells [28,29]. Among these, suppressor of cytokine signaling 1 (SOCS1), 
overexpressed in functionally defective immature DCs within the tumor 
microenvironment [30], functions as a negative feedback regulator. It 
mediates the inhibition of Janus kinases (JAKs) and the IFN-I signaling 
pathway, thereby impacting DC-T cell crosstalk and T cell proliferation 
[31–33]. For example, SOCS1 has been utilized in engineered DC vac-
cines for the treatment of relapsed acute leukemia, resulting in an 
impressive 83 % complete remission rate in the clinical trial 
(NCT01956630) [34].

Considering the challenges faced by peptide vaccines, including 

Scheme 1. Schematic illustration of the ferritin-based nanovaccine for co-delivery of antigens and SOCS1 siRNA in cancer therapy and prevention. A) Preparation of 
the ferritin-based nanovaccines by fusing a T cell antigen epitope at the C-terminus of ferritin light chain (FS), and an additional cationic peptide KALA at the N- 
terminus (KFS), with subsequent loading of siRNA (siRNA@KFS) through electrostatic interactions. B) The nanovaccine initiates anti-tumor immune responses. 1. 
Upon subcutaneous injection, its suitable size facilitates rapid migration into lymph nodes, where the enhanced affinity for APCs from ferritin light chain simul-
taneously promotes targeting effect. 2. Co-delivered SOCS1 siRNA effectively enhance the crosstalk between DCs and T cells, thus improving antigen presentation, co- 
stimulatory factors and cytokine expression. 3. The nanovaccine induces adaptive immunity, mature DCs efficiently present antigens to CD8+ T cells, promoting their 
activation and subsequent transformation into cytotoxic effector T cells and memory T cells. 4. Effector T cells infiltrate the tumor site to kill tumor cells. 5. The 
abundance of memory T cells provide long-term immune protection, preventing cancer recurrence.
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rapid clearance, low immunogenicity, and immune suppression, we 
utilized a fusion protein as the nanovaccine, employing human ferritin 
for antigen stability and DC-targeting, KALA peptide (WEAK-
LAKALAKALAKHLAKALAKALKA) for siRNA delivery and cell- 
penetrating capacities, and SOCS1 siRNA for immune modulation. 
Human ferritin light chain was used here to fuse interchangeable tumor 
antigens, for its high stability and enriched antigen display abilities [35] 
(Scheme 1). Different from the commonly used ferritin derived from 
Helicobacter pylori, which poses potential risks to adaptive immunity 
[36–40], human ferritin is highly homologous that can minimize 
adverse effects associated with over-activated innate immunity. In 
addition, the ferritin light chain has been demonstrated extra affinity for 
DC surface receptors SCARA5 and SIGNR compared to the heavy chain, 
thereby enhancing the chances of antigen uptake by APCs [41,42]. 
Furthermore, SOCS1 siRNA was co-loaded to activate the JAK/STAT 
pathway through the binding with KALA peptide, thus addressing the 
low immunogenicity of homologous ferritin and promoting DC matu-
ration in the tumor environment. This all-in-one multifunctional nano-
vaccine offers a novel strategy to enhance DC-T cell crosstalk without 
introducing exogenous stimuli, thereby maintaining the smooth cycle of 
innate-adaptive tumor immunity, and achieving efficient and 
long-lasting anti-tumor immune protection.

2. Results

2.1. Constructing nanovaccines for simultaneous delivery of antigen and 
siRNA

In this study, we engineered the human ferritin light chain (L- 
ferritin) to incorporate the SIINFEKL epitope and the KALA peptide on 
the C- and N-terminal sequences, respectively [43]. Structural simula-
tions of monomeric and dimeric states of the fusion protein (Figs. S1–2) 
confirmed its optimal antigen presentation and RNA-binding 

capabilities (Fig. 1A) [44,45]. Thereafter, this dual-functional fusion 
protein (KFS), along with the original human ferritin light chain (F), the 
C-SIINFEKL terminated ferritin (FS), and the N-KALA terminated ferritin 
(KF), were expressed in E. coli and purified using affinity chromatog-
raphy (Fig. S3). The exact molecular weights of the protein subunits 
were measured by LC-MS, and the results aligned with their theoretical 
calculations (Figs. S4–S7). The incorporation of the KALA peptide was 
confirmed by the positively charged protein surfaces of the obtained 
ferritin-based fusion proteins (Fig. 1B), with 80.7 and 62.3 mV for KFS 
and KF, respectively, as compared to − 5.96 mV for ferritin alone (F). 
Moreover, the introduction of the KALA peptide (KF and KFS) resulted 
in significant changes in the aggregation status of ferritin, as demon-
strated by both dynamic light scattering (DLS) and size exclusion 
chromatography (SEC) analyses (Fig. 1C & Fig. S8), with the particle 
sizes increased from 12 nm for FS to approximately 25 nm for KF and 
KFS. This specific particle size is well-suited for traversing the matrix 
and entering the initial lymphatic vessels through cell junctions, while 
avoiding accelerated clearance effects caused by excessively small sizes 
(<10 nm) [46]. The polymeric states of the fusion protein were further 
determined through SEC-HPLC and native PAGE analysis, resulting in 
altered assembly pattern of the proteins upon the introduction of KALA 
peptide, as supported by the molecular weights of forty-mer structures 
for KFS and KF in Fig. 1D and Figs. S9–11. Additionally, circular di-
chroism measurements on the ferritin-based fusion proteins also 
confirmed the substantial alterations in secondary structures upon the 
introduction of the KALA peptide (Fig. S12). The significantly increased 
aggregation of the KFS protein can be attributed to the positively 
charged residues of the KALA peptide at the N-terminus, along with the 
enhanced hydrophobic interactions. This results in the formation of 
protein nanocages of a more polymorphous state, increasing the density 
of antigens and siRNA binding sites for further immunotherapy appli-
cations [47,48].

In addition to the fused antigen in the proteins, SOCS1, as an 

Fig. 1. Design and characterization of the nanovaccines. 
(A) Schematic illustration of the fused protein KFS. The NH2- and COOH- termini are labelled as N and C, respectively. (B) Zeta potentials of different recombinant 
ferritin-based vaccines. (C) Size of different recombinant ferritin-based vaccines. (D) HPLC-SEC of KFS. (E) Agarose gel retardation assay of binding affinity of KFS/ 
siRNA complexes with different N/P ratios. (F) Transmission electron microscopy images of KFS, and KFS loaded with siRNA at N/P ratio of 50. (G) Stability of the 
KFS loaded siRNA in 50 % serum at 37 ◦C.
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inhibitory regulatory gene in antigen-presenting cells, was selected as 
the co-delivered siRNA to control the dendritic cell antigen presentation 
and adaptive immune response intensity [30,31]. Initially, the siRNA 
payloads of KFS were assessed by incubating the protein with siRNA at 
different N/P molar ratios. As a result, gel electrophoresis showed 
slower migrating bands of the KFS presenting group with the increase of 
N/P ratio (Fig. 1E). Meanwhile, the surface Zeta potential of KFS 
gradually decreased with the added amount of siRNA (Fig. S13), from 
positive 80.7 mV of KFS alone to 0 mV when N/P equals 10, demon-
strating the binding and charge neutralization process. The transmission 
electron microscopy (TEM) (Fig. 1F) also revealed slightly larger sizes of 
the KFS nanoparticles after loading of siRNA, with the observation of 
filamentous siRNA material and a less distinct outline of the protein 
surfaces. Moreover, the protein-siRNA complex showed excellent resis-
tance to degradation in serum (Fig. 1G), remaining undegraded even 
after 24 h, while free siRNA was completely degraded within 8 h. 
Additionally, the nanovaccine demonstrates strong resistance to nucle-
ases (Fig. S14). The stability of KFS was further evaluated by measuring 
its particle size, polydispersity index (PDI), and Zeta potential in saline 
at 4 ◦C over a week. As a result, no significant changes in these pa-
rameters were observed over the 7-day period, indicating good stability 
of KFS under these conditions (Fig. S15.) This remarkable stability paves 
the way for downstream in vitro and in vivo applications.

2.2. Targeting effect for lymph nodes and antigen-presenting cells

Ferritin has been reported to have inherent affinity for SIGNR1- 
positive APCs, with a higher binding ability to SCARA-5 receptors by 
the light chain. This feature can guide the system for targeted delivery to 
APCs, including conventional dendritic cells (cDC) and marginal zone 
macrophages in draining lymph nodes [38]. Therefore, the in vivo dis-
tribution of nano-proteins was tracked at different time points in mice. 
After subcutaneous injection of equimolar amounts of Cy5-modified 
SIINFEKL antigenic peptide and KFS at the tail base, the KFS nano-
vaccine exhibited greater accumulation in lymph nodes at 8 h compared 
to the antigenic peptide (Fig. 2B), and this effect still maintained at 12 h 
(Fig. S17).

Given the challenges of cellular uptake of proteins and nucleic acids 
due to their hydrophilicity, negatively charged surface, and large mo-
lecular weight, the KALA segment was delicately incorporated into KFS 
to facilitate the uptake process, while the ferritin structure was engi-
neered for specific recognition by APCs. After verifying the non-toxicity 
of the nanovaccine in APCs (Fig. S18), the protein or the siRNA was 
individually fluorescently-labelled for internalization studies of the 
vaccine levels in the APCs. The results show that KFS, even when loaded 
with siRNA, maintained its high degree of internalization compared to 
FS and free antigenic peptides, with respect to both quantity and rate 
(Fig. 2C–D and Figs. S19–20). Using HEK293 cells with minimal 
endogenous receptor expression on the surface as a control, a signifi-
cantly greater amount of KFS particle internalization in DCs was 
observed after 30 min of incubation and washing, while virtually no 
particles were detected on the membrane of HEK293 cells (Fig. 2E). 
Therefore, the rapid cellular uptake of KFS can be attributed to the 
specific affinity between ferritin and the immature DC surface receptor 
SIGNR and SCARA-5 [38]. Subsequently, the intracellular trafficking of 
the particles was investigated to achieve functional siRNA delivery in 
the cytoplasm. As shown in Fig. 2F and Fig. S21, the co-localization of 
nanoparticles and lysosomes or endosomes was diminished after 4 h of 
incubation, allowing siRNA to effectively escape from the endosomes. 
This capability makes KFS a viable option for siRNA delivery. Therefore, 
KFS, as a co-delivery platform for antigen and siRNA, provides more 
opportunities for immune cell interaction and activation, leading to 
more robust and powerful immune responses.

2.3. In vitro DC-T cell crosstalk promotion and T cell activation

DC maturation is essential for initiating immune responses to antigen 
presentation, while silencing of negative immune-regulatory molecules 
expressed on dendritic cells through RNA interference can provide a 
strategy to enhance the efficacy of DC-based immunotherapy. Therefore, 
quantitative PCR was employed to test the silencing efficiency of the 
SOCS1 siRNA-loaded fusion protein in immature mouse bone marrow- 
derived dendritic cells (BMDCs) after 24 h transfection. Compared to 
untreated cells and the free siRNA group, KFS nanoparticles loaded with 
SOCS1 siRNA (siRNA@KFS) achieved an approximate 70 % silencing 
efficiency at a carrier/nucleic acid N/P ratio of 50. Subsequently, the 
transcription levels of the JAK/STAT pathway mediated by SOCS1 in 
different groups were also measured. As the expression levels of the 
Socs1 gene decreased, the levels of Jak1 and Stat1 genes showed a sig-
nificant increase, suggesting successful transfection and functionaliza-
tion of the siRNA (Fig. 3A). The protein expression levels of the three 
genes were subsequently analyzed using Western Blot, which showed a 
trend consistent with the qPCR data (Fig. 3B). The maturation level of 
DCs was then evaluated based on cytokine secretion and cell surface 
markers. As a result, the levels of inflammatory cytokines IL-6 and TNF-α 
were significantly elevated, surpassing those of the free antigenic pep-
tide and the physical mixture of antigenic peptide and free SOCS1 
siRNA. Additionally, the nanovaccine also successfully activated DCs to 
express higher levels of IL-12, which is known to promote Th1 cell dif-
ferentiation, enhance cellular immune responses, and facilitate immune 
memory (Fig. 3C) [49]. Furthermore, a substantial expression of 
co-stimulatory molecules CD80/86 was observed (Fig. 3D), indicating a 
higher degree of DC maturation in the ferritin-based vaccine with 
enriched antigenic peptides than the free antigenic peptide. Antigen 
presentation capability of BMDCs after different vaccine treatments 
were subsequently analyzed. As can be seen in Fig. 3E, there was an 
increased presentation of MHC-I-SIINFEKL on the surface of BMDCs was 
observed, suggesting enhanced surface antigen presentation following 
DC maturation. To ascertain whether DCs were specifically stimulated 
by the vaccine to promote T cell activation, T cell proliferation and 
cytokine release in co-cultures of T cells and DCs were examined 
(Fig. 3F). Initially, mouse splenic T cells (CD3+T cells) were isolated and 
stained with carboxyfluorescein succinimidyl amino ester (CFSE), which 
were further put into co-culture with DCs at a ratio of 5:1. Flow 
cytometry measurements revealed a significantly decreased population 
of CFSE-stained cells in the siRNA@KFS group, indicating a higher 
frequency of T cell division (Fig. 3G–H). Furthermore, the supernatant 
from the co-cultivation was collected to further measure the cytokines 
expression. ELISA analysis showed higher levels of IL-6, TNF-α, and 
IFN-γ secretion after the stimulation of siRNA@KFS or KFS (Fig. 3I–K), 
indicating increased T cell activity due to the enhanced functions of DCs.

2.4. The nanovaccine demonstrates a robust immune response in vivo

To examine the in vivo multifunctionality of the nanovaccine loaded 
with SOCS1 siRNA, its ability to silence the immune-suppressive envi-
ronment was examined, along with the promotion effects for DCs 
maturation and subsequent antigen presentation, and further stimula-
tion of T-cell immune responses. The FDA-approved aluminum adjuvant 
was also employed as an additional control to evaluate immune effects 
of the nanovaccine alone without the presence of adjuvants. On a B16- 
OVA melanoma model, the tumor-draining lymph nodes of the mice 
were harvested after 7 days of immunization. The expression levels of 
SOCS1 protein within the lymph nodes were examined using immuno-
histochemistry (IHC), resulting in a significant reduction in SOCS1 
expression by the nanovaccines (Fig. 4B). Meanwhile, flow cytometric 
analysis of the harvested spleens of mice revealed the highest levels of 
CD80+/86+ in DCs after vaccination with siRNA@KFS (Fig. 4C and D). 
Notably, mice immunized with siRNA@KFS also exhibited the highest 
levels of SIINFEKL-H2kb+ in CD11c+ cells (Fig. 4E). These findings 
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Fig. 2. Targeting effect and cellular uptakes of the nanovaccines. (A) Schematic illustration of the subcutaneous injection of the fusion protein KFS to target lymph 
nodes at the tail base of a mouse. (B) Ex vivo fluorescent imaging of the major organs and inguinal lymph nodes. Cy5-modified KFS or Cy5-modified free antigen 
peptide SIINFEKL was subcutaneously injected into mice at the tail base. Inguinal lymph nodes and major organs were harvested at 8 h post injection and examined 
by in vivo imaging system (IVIS). (C) Cellular uptake of different Cy5-modified vaccines in bone marrow-derived dendritic cells (BMDCs) at 1 h and 4 h. (D) Cellular 
uptake of free siRNA-Cy5 or siRNA-Cy5-loaded KFS at N/P ratio 10/50 in BMDCs for 4 h, determined by flow cytometry. (E) DC2.4 and HEK293 cells incubated with 
Cy5-labelled KFS at 37 ◦C for 30 min. Cell binding was assessed by confocal laser scanning microscope (CLSM). Green fluorescence, cell membrane stained with DiO; 
Blue fluorescence, nucleus stained with DAPI. Scale bar, 50 μm. (F) CLSM images of RAW 264.7 cells treated with siRNA-loaded KFS for 4 h. Magenta fluorescence, 
siRNA-Cy5; Green fluorescence, endosome/lysosome stained with LysoTracker Green; Blue fluorescence, nucleus stained with DAPI. The red fluorescence shows 
siRNA escape from endosomal sequestration. Scale bar, 10 μm.

J. Wu et al.                                                                                                                                                                                                                                      Bioactive Materials 46 (2025) 516–530 

520 



(caption on next page)

J. Wu et al.                                                                                                                                                                                                                                      Bioactive Materials 46 (2025) 516–530 

521 



signified the successful improvement of the nanovaccine in alleviating 
the immunosuppressive conditions of DCs within the tumor microenvi-
ronment, leading to DC maturation and enhanced antigen-presenting 
capabilities.

CD8+ T cells play a crucial role in cancer immunotherapy. However, 
prolonged exposure to persistent antigens or inflammatory signals leads 
to T cell exhaustion, resulting in the gradual deterioration of CD8+ cell 
function, accompanied by the expression of multiple inhibitory re-
ceptors, reduced memory capacity, and slowed proliferation within the 
body [50]. Therefore, the quantity of CD8+ cells in vivo and the 
expression of relevant cytokines were further examined. The number of 
CD8+ cells in the spleen also increased compared to other groups 
(Fig. 4F). The decreased number of CD8+ cells in the antigen peptide 
mixed aluminum adjuvant group can be attributed to the CD8+ cell 
exhaustion that caused by strong inflammatory responses [51]. More-
over, the IFN-γ levels in mouse serum on days 7, 14, and 21 after vaccine 
injection were assessed to evaluate T cell long-term memory levels 
(Fig. 4G). On the 7th day, significantly higher IFN-γ level was observed 
for the siRNA@KFS group, even more than three times higher than that 
of free antigenic peptide or combined with aluminum adjuvant groups. 
Thereafter, the nanovaccine group maintained elevated levels of inter-
feron for an extended period of up to 21 days, which is crucial for 
combating the tumor microenvironment by strengthening the activity 
and functionality of immune cells. Continued monitoring serum levels of 
IFN-γ and IL-12 for 11 weeks also revealed sustained expression of these 
cytokines in vivo, contributing to the prolonged immune protection 
conferred by the nanovaccines (Fig. 4G–H). Additionally, the capability 
of the nanovaccine to elicit a cross-immune response with B cells was 
investigated following its interaction with T cell responses. After 
reboosting, mouse sera were collected to determine the levels of 
IgG-OVA using the ELISA method. Despite the designed nanovaccines 
containing only T cell epitopes, they successfully induced a 
cross-immune response with B cells after two immunizations, triggering 
humoral immunity (Fig. S22).

2.5. The tumor therapeutic and prophylactic effects of the nanovaccine

The tumor-suppressive effects of the nanovaccines were tested in the 
B16-OVA melanoma model, with the nanovaccines or control formula-
tions injected on the 10th, 17th, and 24th days after subcutaneous tumor 
inoculation. As a result, all mice in the untreated saline group died 
within 22 days. The groups treated with free antigenic peptides, the 
physical mixture with equimolar SOCS1 siRNA, and the combination of 
antigenic peptide with commercial aluminum adjuvants did not show 
significant inhibition of tumor growth or survival rate benefits. Simi-
larly, the ferritin-fused antigenic peptide vaccine (FS) exhibited only 
moderate inhibition of tumor growth (Fig. 5B and Figs. S23–24). In 
contrast, the administration of the nanovaccine siRNA@KFS yielded the 
most significant therapeutic effect, with 50 % of mice surviving beyond 
35 days (Fig. 5C). Given the crucial role of tumor-infiltrating lympho-
cytes (TILs) in indicating the immune system’s attempts to combat the 
tumor, immunohistochemical (IHC) analysis was subsequently per-
formed on the collected tumor tissues, showing an increased presence of 
tumor-infiltrating CD8+ cells after the treatment with siRNA@KFS 
(Fig. 5D).

To further evaluate the immune protective effect of the siRNA@KFS 
nanovaccines, a three-week immunization experiment was conducted 
on mice, with the vaccine administered once a week. 7 days after the 
final vaccine injection, mice were subcutaneously injected with B16- 
OVA melanoma cells. Groups receiving saline, free antigen peptide, a 
physical mixture of free antigen peptide and nucleic acid drug, as well as 
antigen peptide mixed with aluminum adjuvant, all developed tumors 
after 23 days within subcutaneous tumor inoculation. In contrast, the 
fusion protein vaccines with the ferritin structure, namely FS, KFS, and 
siRNA@KFS, showed no evidence of tumor development (Fig. 5E–F, and 
Fig. S25), mainly due to the effective activation of immune cells through 
the enriched antigen epitopes. To further confirm the long-lasting im-
mune responses induced by the nanovaccine, mice were inoculated with 
tumors 30 days after receiving the vaccine three times. Although both FS 
and KFS groups initially exhibited tumor growth, with KFS showing 
slightly better effects than FS, all mice developed tumors by the 14th day 
after tumor inoculation. In contrast, the siRNA@KFS group showed no 
signs of tumor growth within 30 days after tumor inoculation, indicating 
its long-lasting effectiveness in vivo (Fig. 5G and Fig. S24). Furthermore, 
the proportions of central memory T cells (CD8+CD44+CD62Llow), 
effector memory T cells (CD8+CD44+CD62Lhigh), and naive T cells 
(CD8+CD44− CD62L− ) were determined from the collected peripheral 
blood. As can be seen in Fig. 5H and I, the siRNA@KFS group exhibited 
a greater percentage of memory T cells compared to the FS and KFS 
groups, with an activation of 25.1 % effector memory T cells (TEM) and 
14.5 % central memory T cells (TCM), providing the organism with a 
more enduring immune capacity. This enhanced immune response 
allowed for a rapid reaction following antigen exposure and contributed 
to sustained anti-tumor responses, potentially preventing tumor recur-
rence over an extended period. Finally, the in vivo biosafety of the 
nanovaccine was confirmed by the tissue sections from animal speci-
mens, with no toxicity observed in any organs and tissues (Fig. S27). 
Furthermore, biochemical tests for blood urea (Fig. S28) revealed no 
abnormalities in renal function indicators.

2.6. Application of nanovaccine in authentic tumor antigens

Faced with the limited applicability of requiring customized tumor- 
specific antigens, more tumor-associated antigens with certain immu-
nogenicity due to overexpression or mutation have been discovered. In 
this context, the overexpressed glycoprotein 100 in melanoma tissue 
(gp10025-33) was selected as the second candidate antigen to demon-
strate the programmability and adaptability of our nanovaccine plat-
form for extended application in cancer therapy [52–54]. Therefore, a 
new light chain ferritin-based nanovaccine was engineered, in which the 
C-terminal fusion antigen was replaced by the T-cell epitope of the 
melanoma neoantigen peptide gp100. After comprehensive character-
izations of the nanovaccine, similar structures and functionality as KFS 
were revealed (Figs. S30–S36). On the 7th day, mice were subcutane-
ously immunized with various formulations, including free antigenic 
peptide, antigenic peptide physically mixed with SOCS1 siRNA, anti-
genic peptide supplemented with commercial aluminum adjuvant, the 
vaccine simply fused with ferritin (Fgp100), and KFgp100 without 
siRNA as control. Subsequently, mice were subcutaneously injected 
every 7 days after B16F10 cell inoculation, resulting in obvious tumor 

Fig. 3. Nanovaccines promote DC maturation and antigen presentation, activating T cells in vitro. (A) The relative gene expression levels of Socs1, Jak1, and Stat1 in 
immatured DCs treated with KFS loaded with anti-SOCS1 siRNA (siRNA@KFS) and other comparison groups, including free siRNA, SIINFEKL peptide, a physical 
mixture of SIINFEKL peptide and equimolar siRNA, and KFS. (B) The protein expression of SOCS1, JAK1 and STAT1 in cell lysates of BMDCs were analyzed by 
Western blot after treatment with different groups for 48 h. (C) ELISA analysis of IL-6, TNF-α and IL-12 concentrations in supernatants of BMDC culture after a 24 h 
incubation with PBS, free siRNA, SIINFEKL peptide, physical mixture of SIINFEKL peptide and equimolar siRNA, FS, KFS and siRNA-loaded KFS as siRNA@KFS. (D) 
Expression of CD80 and CD86 in BMDC after treatment with the same formulations as panels. (E) Quantification of OVA-positive BMDC after treatment with the same 
formulations as panels. (F) Schematic illustration of the experiment on T cell proliferation and the release of cytokines. (G–H) Mean fluorescence intensity distri-
bution of CFSE-stained T cells, incubated with BMDCs that treated with different vaccines. (I–K) Cytokines release from T cells induced by incubation with BMDCs 
that treated with different vaccines. Representative data are shown and expressed as the mean ± s.d. Statistical significance was estimated by one-way ANOVA: *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.
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suppression from the nanovaccine siRNA@KFgp100, with its survival 
rate remained at 30 % after 60 days (Fig. 6B–D), significantly extended 
compared to other groups. Moreover, due to the strong metastatic and 
invasive abilities of B16F10, the nanovaccine effectively inhibited tumor 
metastasis to the lung (Fig. 6E). Additionally, infiltrating T cells in 
B16F10 tumor tissues were analyzed using IHC, showing the highest 
number of tumor-infiltrating lymphocytes (TILs) from the group treated 

with siRNA@KFgp100 (Fig. 6F). These findings demonstrate the 
interchangeable ability of the antigen that fused into the nanovaccine 
platform, which can potentially be expanded to various tumor-specific 
antigens (TSA) or tumor-associated antigens (TAA) for different cancer 
immunotherapy.

Fig. 4. In vivo immune stimulation by the nanovaccines. (A) Schematic illustration and the timeline of the experimental design to evaluate the in vivo immune 
responses triggered by anti-SOCS1 siRNA-loaded KFS nanovaccine. (B) Immunohistochemical analysis of the SOCS1+ cells in tumor draining lymph nodes of mice 
that treated with nanovaccines or the control formulations, scale bars 50 μm. (C,D) The DCs expressing CD80 or CD86 from spleen (n = 3). (E) Percentages of the 
OVA (SIINFEKL)-presenting DCs (n = 3) assessed by flow cytometry. (F) The frequency of CD8+ T cells measured by flow cytometry after the vaccination with the 
indicated formulations (n = 3) (G,H) Levels of IFN-γ and IL-12 in the serum at different time intervals after the vaccination. Representative data are shown and 
expressed as the mean ± s.d. Statistical significance was estimated by one-way ANOVA: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ns, not significant.
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Fig. 5. In vivo therapeutic and prophylactic effects of nanovaccine siRNA@KFS towards B16-OVA tumors. (A) Schematic timeline of the experimental design. 
Treatment A involves initial establishment of a subcutaneous B16-OVA mice model and the vaccine administration when the tumor grown to larger than 50 mm3. 
Treatment B and C involves administering the vaccine three times, followed by tumor inoculation after 0 and 30 days, respectively. (B) Average tumor growth curves 
for B16-OVA tumors on mice after various treatments as indicated (n = 6). Growth curves represent means ± s.e.m. (C) Morbidity-free survival of different groups of 
B16-OVA-bearing mice after various treatments. Survival curves were obtained using the Kaplan-Meier method and compared by the log-rank test, ****p < 0.0001 
(n = 6). (D) Immunohistochemical analysis of CD8+ T-cell infiltration in B16-OVA tumors from mice that treated with nanovaccines or the control formulations, scale 
bars, 100 μm. (E) Average tumor growth curves for B16-OVA tumors on mice after the various treatments as indicated in Treatment B (n = 5). Growth curves 
represent means ± s.e.m. (F) Morbidity-free survival of different groups of B16-OVA-bearing mice after various treatments. Survival curves were obtained using the 
Kaplan-Meier method and compared by the log-rank test (n = 5). (G) Average tumor growth curves for B16-OVA tumors on mice after the various treatments as 
indicated in Treatment C (n = 5). Growth curves represent means ± s.e.m. (H,I) TEM and TCM in the peripheral blood analyzed by flow cytometry (gated on CD8+ T 
cells) on day 60 after final vaccination.
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3. Discussions

Cancer vaccines can be divided into three types based on the source 
of tumor antigens: protein/peptide vaccines, genetic vaccines, and cell- 
based vaccines (DC vaccines and whole-tumor-cell vaccines) [55]. These 
types of vaccines have demonstrated certain clinical efficacy, benefiting 
from relatively mature preparation processes and offering potential for 
personalized customization. Peptide vaccines lead in the number of 
clinical trials compared to other types of cancer vaccines. Especially 

following the recent breakthroughs in genomics, data science, and 
tumor immunology, neoantigens with innate immunogenicity can be 
easily obtained after comprehensive sequencing and HLA affinity 
testing, providing a straight forward pathway for personalized peptide 
vaccine [56–58]. However, when used as standalone treatments, the 
objective response rate of peptide vaccines remains disappointingly low 
[59–62], largely due to issues such as rapid clearance and low immu-
nogenicity [8]. To overcome these challenges, various delivery systems 
and adjuvants have been developed. Compared to other delivery 

Fig. 6. In vivo therapeutic effects of nanovaccine siRNA@KFgp100 towards B16F10 tumors. (A) Schematic timeline of the experimental design. (B) Average tumor 
growth curves for B16F10 tumors on mice after various treatments as indicated (n = 5, biologically independent mice for each group). Growth curves represent 
means ± s.e.m. (C) Morbidity-free survival of different groups of B16F10-bearing mice after various treatments. Survival curves were obtained using the Kaplan- 
Meier method and compared by the log-rank test, ****p < 0.0001 (n = 5). (D) Individual tumor growth curves. (E) H&E staining of lungs collected from the 
treated mice. The black arrows point to tumor metastases (deep-stained regions) in lungs. Scale bars, 2 mm. (F) IHC analysis of CD8+ T-cell infiltration in B16F10 
tumors from mice treated with nanovaccines or the control formulations, Scale bars, 50 μm.
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vectors, ferritin has emerged as a promising platform because of its 
excellent antigen protection and biocompatibility [36–40].

In the current study, human ferritin light chain (L-Ferritin) was 
chosen as the backbone for the fusion protein vector. Compared to 
ferritin from other species, such as H. pylori and E. coli [35], human 
ferritin has higher homology and immune tolerance, which minimizes 
the inflammatory responses that may lead to adaptive immune attenu-
ation. Compared to human ferritin heavy chain, the light chain of 
ferritin exhibits a higher affinity for SCARA5 and DC-SIGN receptors on 
APCs, thereby improving vaccine targeting efficiency. In addition, un-
like the heavy chain, the ferritin light chain does not bind to TfR1, lacks 
iron oxidation capabilities, and is less involved in iron metabolism, 
making it a safer carrier for cancer vaccines. Subsequently, the nano-
vaccine was designed by fusing an interchangeable tumor antigen and 
the cationic KALA peptide to the C- and N-terminus of L-ferritin, 
respectively. As a result, the fusion of KALA peptide increased the 
self-aggregation of ferritin from 8-mer to 40-mer, leading to a particle 
size of 25 nm, which significantly facilitates its draining into lymph node 
[63]. Meanwhile, the higher antigen density upon 40-mer aggregation 
enhanced the chances of DC binding to antigens, further promoting DC 
uptake and subsequently raising the antigen presentation rate to 29.7 %.

Furthermore, co-delivery of siRNA was achieved through the binding 
with the positively charged KALA peptide. Specifically, SOCS1 siRNA 
was used here to restore Janus kinase (JAK) activity, allowing down-
stream STAT signaling to continue and alleviating immune suppression 
in DCs, thus promoting DC maturation. In contrast to adjuvants based on 
pathogen-associated molecular pattern molecules (PAMPs), using 
SOCS1 siRNA fundamentally avoided risks such as activating humoral 
immunity and inducing strong inflammatory responses, which can 
compromise adaptive immunity [63–65]. The current strategy effec-
tively facilitated DC-T cell crosstalk through several approaches: the 
DC-targeting effect by ferritin light chain, enhanced DC uptake by KALA 
peptide, and promoted DC maturation by SOCS1 siRNA, thus, enhancing 
the expression of co-stimulatory molecules (CD80/86) to 15.2 %, and 
elevating related cytokines (TNF-α, IL-6, IL-12) expression. These pro-
cesses significantly activated T cell functions, bridging innate and 
adaptive immunity [66,67]. Meanwhile, the secreted cytokines pro-
moted the differentiation of T cells into memory T cells, with active 
effector memory T cells at 25.1 % and central memory T cells at 14.5 % 
even 60 days post-vaccination. This prolonged the immuno-protective 
effects and reduced the need for frequent administrations.

Compared to other nanoparticle vaccines that consist of separate 
components for antigen, adjuvant, and carrier, our all-in-one fusion 
protein-based nanovaccine presents a novel approach. Validating its 
adaptability for a broader spectrum of antigens is essential. Given that 
the typical length of HLA-I antigenic fragments ranges from 8 to 11 
amino acids [68], we tested two T-cell epitope peptides: tumor-specific 
antigen (OVA) and tumor-associated antigen (gp100). These nano-
vaccines maintained stable structures and effectively loaded and pro-
tected siRNA, significantly inhibiting tumor growth and prolonging 
survival. Notably, siRNA@KFgp100 was examined in a high invasive 
and metastatic B16F10 tumor model, demonstrating a strong preventive 
effect on lung metastasis. Their high receptivity suggests substantial 
potential for clinical applications.

Vaccine safety is critically important, particularly considering 
serious adverse reactions reported for COVID-19 vaccines, such as 
vaccine-induced immune thrombocytopenia (VITT) and autoimmune 
diseases. Although the detailed mechanisms remain unclear, adenoviral 
vectors have been linked to some VITT cases, suggesting a direct role of 
vaccine vector in these adverse reactions [69,70]. In this study, ho-
mologous ferritin was used as the vaccine vector instead of a viral or 
synthetic vector, offering significant safety advantages. For example, 
Helicobacter pylori ferritin based COVID-19 vaccine has been developed 
by the Walter Reed Army Institute of Research [71,72]. Apart from in-
jection site reactions such as pain, redness, swelling, fever, and fatigue, 
no other severe adverse effects have been reported [73]. However, 

excess ferritin, even its light chains, can potentially lead to iron overload 
and associated oxidative stress. Thus, establishing a safe dosage for 
ferritin-based vaccines is crucial for future research. Besides vector is-
sues, off-target risks associated with RNAi technology also remain a 
challenge. Therefore, various strategies were employed in this study to 
mitigate these risks, including using siRNA sequences that are homolo-
gous to the target mRNA and applying low siRNA doses (50 pmol in vitro 
and 0.231 nmol/mouse in vivo) to reduce nonspecific binding. Addi-
tionally, the lymph node-targeting effect of the nanovaccine signifi-
cantly enhanced siRNA accumulation in APCs, thereby reducing 
off-target possibilities. However, to further eliminate off-target risks, 
whole-genome expression analysis can be conducted for risk assessment 
[74], while evaluating impacts on other immune and physiological 
pathways following the temporary silencing of the SOCS1 gene in 
tumor-bearing mice.

4. Conclusions

In the current work, we have developed a novel nano-vaccine based 
on the human ferritin light chain delivery platform. By fusing with an-
tigen and the positively charged KALA peptide, this peptide nano- 
vaccine is also capable of co-delivering immunosuppressive regulatory 
siRNA. The higher aggregation degrees of the fusion protein compared 
to ferritin, along with its affinity to SCARA5 receptor and SIGNR of 
dendritic cells and membrane-penetrating property, greatly promoted 
the draining and accumulation of the nano-vaccine in lymph nodes, and 
facilitated its uptake by antigen-presenting cells (Figs. 1–2). Owing to 
the successful delivery of SOCS1 siRNA, the maturation of immature DCs 
was significantly promoted both in vitro and in vivo, leading to elevated 
levels of antigen presentation, consequently enhancing CD8+ T cell ac-
tivity and sustaining immune responses (Figs. 3–4). With interchange-
able antigens in the fusion protein, the nano-vaccine has been 
demonstrated effective inhibition of tumor growth in both tumor- 
specific antigen (SIINFEKL) and tumor-associated antigen (gp100) 
models. Moreover, the higher number of memory T cells induced by the 
nano-vaccine avoided the need for frequent administrations as in other 
vaccines, while still providing enduring protective effects (Figs. 5–6) for 
tumor prevention.

In summary, this DCs-targeting ferritin light chain-based nano-vac-
cine with the ability of simultaneous delivery of antigen and siRNA, 
demonstrated excellent efficacy in promoting DCs maturation and 
enhancing T cell activity without the use of any adjuvants. This platform 
provided a new strategy for both cancer treatments and prevention, 
opening an avenue for the design of personalized cancer vaccines.

5. Experimental methods

5.1. Animals

C57BL/6 mice (6 weeks old) were purchased from GemPharmatech 
Animal Technology Co., Ltd. All animals were maintained at 25 ◦C, 40 % 
relative humidity, with free access to food and water, and a 12 h light/ 
dark cycle. All animal studies were conducted in accordance with the 
Animal Research Committee of Jiangnan University school of Medicine, 
and all the operation procedures were conducted according to National 
Institutes of Health Guide. The ethical approval numbers for the animal 
experiments are JN.No20230615c0961001[324] and JN. 
No20230330c0510801 [104].

5.2. Cell cultures

The mouse melanoma B16F10 and B16F10 cell line stable expressing 
ovalbumin (B16-OVA) was established by lentiviral transfection. Cell 
lines and the mouse macrophage RAW 264.7 and mouse dendritic cell 
DC2.4 were purchased from the American Type Culture Collection. The 
mouse melanoma B16-OVA cells and mouse Dendritic cell line DC2.4 
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were maintained in RPMI1640 medium supplemented with 10 % fetal 
bovine serum (FBS), and 100 units per mL penicillin and 100 units per 
mL streptomycin at 37 ◦C in 5 % CO2. The mouse B16F10 cell lines were 
maintained in DMEM/F12 medium supplemented with 100 units per mL 
penicillin and 100 units per mL streptomycin at 37 ◦C in 5 % CO2. The 
mouse RAW 264.7 cell lines were maintained in DMEM medium sup-
plemented with 10 % fetal bovine serum (FBS), and 100 units per mL 
penicillin and 100 units per mL streptomycin at 37 ◦C in 5 % CO2.

Murine BMDCs were isolated from femurs and tibiae of C57BL/6 
mice, and maintained in RPMI1640 medium supplemented with 10 % 
FBS, penicillin G (100 U/mL) and streptomycin (100 g/mL) at 37 ◦C in 5 
% CO2. Recombinant mouse GM-CSF (20 ng/mL) and IL-4 (10 ng/mL) 
were added to induce cell differentiation. The medium was half-replaced 
every 2 days. On the 7th day of culture, the medium was gently pipetted; 
immature BMDCs cells that were suspended in the medium and loosely 
adhered to the flask were all collected for further use.

CD3+ T cells were obtained from spleen of C57BL/6 mice. Cell 
extraction was conducted using the Beaver Biosciences Inc. kit following 
the instructions of the supplier. CD3+ T cells were cultured in RPMI 
1640 medium with 10 % FBS, penicillin G (100 U/mL), and strepto-
mycin (100 g/mL). Cells were maintained in a humidified incubator at 
37 ◦C with 5 % CO2.

5.3. Cloning, expression and purification of the fusion proteins

The wild-type human light chain ferritin (5–154 aa) was truncated. 
KALA peptide (WEAKLAKALAKALAKHLAKALAKALKA) was attached to 
its N-terminus. At its C-terminus, the T-cell epitope SIINFEKL from 
Ovalbumin (OVA) was connected via a (G4S)3 linker. After being 
designed for E. coli codon preference, the gene was synthesized by 
Azenta Technologies. The fragment was cloned into the pET28α(+) 
plasmid using BamHI and XhoI restriction enzyme sites. The resulting 
plasmid was transformed into BL21(DE3) E. coli, and single colonies 
were picked. The cultures were grown overnight at 37 ◦C in LB medium 
containing 50 μg/mL kanamycin. The culture was then expanded in 300 
mL of Lysogeny Broth medium (LB) until the OD600 reached 0.6. In-
duction of protein expression was carried out overnight at 16 ◦C with a 
final concentration of 0.3 mM IPTG. The bacterial culture was harvested 
and subjected to high-pressure homogenization in PB buffer (20 mM 
Na3PO4, 0.5 M NaCl, pH 7.4). The supernatant was collected after 
centrifugation, and treated with the broad-spectrum nuclease Benzonase 
Nuclease (Sigam) at a dosage of 4 U/mL at 4 ◦C overnight to remove 
extra nucleic acids. After centrifugation at 4 ◦C for 45 min to remove the 
precipitate, the supernatant was collected as the initial protein sample. 
Nickel-affinity chromatography was then performed to purify the KFS 
protein through gradient elution. The proteins F, KF, and FS were 
amplified by PCR using the pET28α(+)-KFS plasmid as a template. They 
were then cloned into the pET28α(+) plasmid using the same BamHI and 
XhoI restriction enzyme sites, and expressed and purified under the same 
conditions as KFS. KFgp100 is derived from KFS by replacing the C- 
terminus OVA antigen with gp10025-33(EGPRNQDWL), which was syn-
thesized by Azenta Technologies. The fragment was cloned into the 
pET28α(+) plasmid using BamHI and XhoI restriction enzyme sites, 
resulting in pET28α(+)-KFgp100, which was then transformed into 
BL21(DE3) E. coli. Subsequently, amplification conditions and induction 
expression conditions were the same as for KFS. Fgp100 was generated 
by PCR using the pET28α(+)-KFgp100 plasmid as a template. The 
fragment was then cloned into the pET28α(+) plasmid using the same 
restriction enzyme sites, and expressed and purified under the same 
conditions as KFgp100. Endotoxin was removed from all of the proteins 
with a ToxinEraser endotoxin removal kit (GenScript). The amount of 
endotoxin is less than 0.1 EU/mL.

5.4. Characterization and in vitro cytotoxicity assessment of the fusion 
protein

The sizes and zeta potentials of the different proteins were measured 
with a Zetasizer Nano ZS (Malvern Instruments). The native-state 
apparent molecular weight of the fusion protein was determined by 
Native PAGE, followed by size exclusion chromatography using a 
Superose 6 Increase column on the AKTA Pure system. The protein ag-
gregation was assessed using high-performance liquid chromatography 
with size exclusion chromatography (HPLC-SEC). A TSK G3000SWXL 
(7.8 × 300 mm) column was used for separation, with a mobile phase 
consisting of 0.1 M sodium sulfate and 0.1 M sodium phosphate buffer at 
pH 6.7. The flow rate was maintained at 0.5 mL/min, and the column 
temperature was set to 30 ◦C. Detection was performed at UV wave-
lengths of 220 nm and 280 nm using a Waters 2695 HPLC system, 
equipped with a 2487 UV detector and controlled by Empower software 
with GPC modules. The cytotoxicities of fusion protein were measured 
by a well-established MTT assay. Generally, BMDCs incubated with KFS 
at various concentrations were seeded in a 96-well plate at a density of 
around 5 × 104 cells per well for 24 h. Then, a standard MTT assay was 
used to determine the relative cell viability.

5.5. Preparation and characterization of nanovaccine siRNA@KFS

The siRNA@KFS was obtained by incubating the KFS and SOCS1 
siRNA at an N/P molar ratio of 10 at RT for 15 min. The N/P ratio was 
calculated as follows: 1 mol of P corresponds to 1/42 mol of siRNA, and 
1 mol of N corresponds to 1/7 mol of KFS. The complex was tested for 
stability or used for silencing experiments without further purification. 
For stability test, the siRNA@KFS was incubated in 50 % mouse serum 
at 37 ◦C. The siRNA in the complex was labelled with Cy5 (Gene Pharma 
Technologies). Aliquots of 5 μL (10 pmol siRNA equivalent) was 
collected at various time intervals and probed on a 2 % agarose gel. To 
validate the nanovaccine’s resistance to nucleic acid degradation, free 
nucleic acid was used as a control. After with 5U Benzonase (Sigma) for 
1 h at 37 ◦C, gel electrophoresis was performed to assess the integrity of 
siRNA. The gel images were obtained using a multifunctional gel image 
analysis system (Tanon MINI SPACE 3000). The morphological changes 
before and after loading siRNA onto the fusion protein KFS were char-
acterized by transmission electron microscopy. 5 μL samples (0.5 mg 
mL− 1) were applied to glow-discharge electron microscopy grids 
covered by a thin layer of continuous carbon film and stained with 2 % 
(w/v) uranyl acetate. Negatively stained grids were imaged on an H- 
7650 microscope (HITACHI) operating at 120 kV.

5.6. In vitro cellular uptake and intracellular localization

To assess the cellular uptake, 2 × 105/mL BMDCs, RAW 264.7 were 
plated in 24-well dishes (NEST) and stimulated with Cy5-labelled anti-
gen peptide (10 μM), Cy5-labelled KFS (10 μM) or Cy5-labelled siRNA 
(50 nM), KFS loaded with equal amounts of Cy5-labelled siRNA for 
several time intervals. Then the cells were harvested for flow cytometry 
analysis (Cytoflex A00-1-1102). In order to track the intracellular path 
of the nanovaccines, RAW 264.7 cells were treated with the siR-
NA@KFS for 1, 2 or 4 h, respectively, and then washed with PBS for 
three times. The lysosome and nuclei were stained with Lyso-tracker 
green (200 nM) and DAPI, respectively. After being washed with PBS, 
the cells were observed with a laser scanning confocal microscope 
(Nikon Ti2-E). In order to verify whether there is receptor preference for 
endocytosis, 1 × 105 HEK293 and BMDCs were seeded in confocal 
dishes. Cy5-labelled KFS (10 μM) was treated for 30 min, washed three 
times with 1 × PBS, and the cell membrane and nucleus were stained 
with DiO dye and DAPI respectively, then observed using a confocal 
microscope.
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5.7. Evaluation of gene silencing activity against SOCS1 gene in BMDCs

Anti-SOCS1 siRNA: 5′-GAGAACCUGGCGCGCAUCCCUCUUA-3′, 5′ 
UAAGAGGGAUGCGCGCCAGGUUCUC-3′) was synthesized and obtained 
from Gene Pharma Technologies. Immature BMDCs (5 × 105 cells) were 
seeded onto a 12-well culture plate (NEST) and stimulated with the 
nanovaccine (siRNA@KFS). The nanovaccine consisted of the fusion 
protein KFS which loaded with 50 nM anti-SOCS1 siRNA, with an N/P 
ratio of 50, i.e., a protein concentration of 6.1 μM incubated for 4 h at 
37 ◦C in 0.5 mL of serum-free RPMI1640. After the incubation, 0.5 mL of 
fresh culture medium containing 20 % FBS was added to the cells, fol-
lowed by a further incubation for 20 h. Free siRNA (50 nM), antigen 
peptide (6.1 μM), and physically mixed antigen peptide (6.1 μM) and 
siRNA (50 nM), and vehicle fusion protein KFS (6.1 μM) as control, were 
incubated for 24 h in 1.0 mL RPMI1640 containing 10 % FBS. After the 
post-treatment, the cells were collected and used for the evaluation for 
RNA isolation by Trizol method. Performing RT-PCR using One Step RT- 
qPCR Probe Kit (Yeasen) and following the manufacturer’s instructions 
provided. Quantitative polymerase chain reaction (PCR) was performed 
with a Bio-Rad CFX System in 20 μL aliquots of reaction mixtures con-
taining cDNA, appropriate pairs of primers and SYBR Green Realtime 
PCR Master Mix (Yeasen). Socs1, Jak1 and Stat1 level was calculated by 
the comparative CT method using β-actin as endogenous housekeeping 
genes. The primer pairs are showed in Supplementary Information 
Table S5. Proteins were extracted by lysing cells on ice with RIPA buffer 
(Beyotime) containing protease inhibitors. The protein concentrations 
were determined using a BCA protein assay kit (Yeasen). Protein lysates 
(20 μg/lane) were separated using 10 % sodium dodecyl sulfate- 
polyacrylamide gels (SDS-PAGE) electrophoresis and transferred onto 
polyvinylidene fluoride membranes (Merck). The membranes were 
subsequently blocked for using 5 % skim milk for 1 h and incubated with 
primary antibodies overnight at 4 ◦C. Subsequently, the membranes 
were incubated with respective secondary antibodies (rabbit) at room 
temperature for 1 h. After washing thrice with PBST, the signals were 
detected on a Tanon chemiluminescence image analysis system. All the 
antibodies used are listed in Table S7.

5.8. In vitro DC activation and cross-presentation

Immature BMDCs (5 × 105 per mL) were plated onto 12-well dishes 
(NEST) and stimulated with siRNA@KFS, KFS, FS, free anti-SOCS1 
siRNA or free antigen peptide SIINFEKL and the mixture of peptide 
and siRNA at 37 ◦C for 24 h. BMDCs were harvested and re-suspended in 
PBS buffer. For DC activation analysis, BMDCs were stained with anti- 
CD11c (0.25 μg per 100 μL), anti-CD80 (1.0 μg per 100 μL), anti-CD86 
(1.0 μg per 100 μL) and anti-SIINFEKL-H-2Kb (0.125 μg per 100 μL) 
antibodies for 30 min on ice. The BMDCs were then washed with FACS 
buffer and analyzed using flow cytometry. The supernatant was 
collected and analyzed for TNF-α, IL-6 and IL-12 using an ELISA kit 
(Thermo Fisher Scientific Inc.) according to the manufacturer’s 
instructions.

5.9. T cell proliferation and activation

Immature BMDCs (5 × 105 per mL) were plated onto 12-well dishes 
(NEST) and stimulated with siRNA@KFS, KFS, FS, free anti-SOCS1 
siRNA or free antigen peptide SIINFEKL and the mixture of peptide 
and siRNA at 37 ◦C for 24 h. BMDCs were harvested and re-suspended in 
PBS buffer for further use. The proliferation of CD3+T cells was deter-
mined by CFSE staining (Yeasen Biotechnology). Before coculturing 
with DC, T cells were incubated with 5 μM CFSE for 15 min at 37 ◦C. The 
cells were then washed three times with PBS to remove excess CFSE. 
After co-culturing T cells and treated DC for 24 h, T cells were separated 
and quantified by flow cytometry with under the excitation of 488 nm. 
The supernatant was collected and analyzed for TNF-α, IL-6 and IFN-γ 
using ELISA kits (Thermo Fisher Scientific Inc.) according to the 

manufacturer’s instructions.

5.10. Biodistribution of KFS

To investigate their biodistribution, KFS were labelled with Cy5 (5 
nmol per mouse) and antigen peptides SIINFEKL were also labelled with 
Cy5 (5 nmol per mouse). Following the standard protocol and injected at 
the tail base of the mice. After different time intervals, major organs, 
such as the heart, liver, spleen, lung, kidney, inguinal lymph nodes were 
collected and examined using an in vivo optical imaging Nsystem (IVIS 
Spectrum, PerkinElmer). Analysis of fluorescence intensity of lymph 
nodes and organs was performed with Living Image 4.1 software.

5.11. In vivo immunology research

C57BL/6 mice were randomly divided into 7 groups of six mice per 
treatment group and treated with Saline, siRNA@KFS (5 nmol KFS, 
containing anti-SOCS1 siRNA 0.231 nmol per mouse), KFS (5 nmol per 
mouse), FS (5 nmol per mouse), antigen peptide SIINFEKL (5 nmol per 
mouse), the physical mixture (5 nmol peptides and 0.231 nmol anti- 
SOCS1 siRNA) or antigen peptide combined with aluminum adjuvant 
(5 nmol peptides and the dosage of aluminum adjuvant is three times the 
mass of the antigen peptides) by subcutaneous injection on day 0. Three 
mice were randomly sacrificed from each group and inguinal lymph 
nodes and spleens were harvested. The spleens were gently crushed and 
passed through a 40 μm cell strainer to obtain isolated cells. After red 
blood cell lysed the cells were then washed with cold FACS buffer and 
suspended in FACS buffer stained by anti-CD11c (0.25 μg per 100 μL), 
anti-CD80 (1.0 μg per 100 μL), anti-CD86 (1.0 μg per 100 μL), anti- 
SIINFEKL/H-2Kb (0.125 μg per 100 μL), anti-CD3 (0.5 μg per 100 μL) 
and anti-CD8a (0.5 μg per 100 μL) antibodies for 30 min on ice. Flow 
cytometry was then performed on the stained cell suspension. The spe-
cific information regarding the flow cytometry antibodies is listed in 
Table S6. The inguinal lymph nodes were fixed in 4 % para-
formaldehyde/PBS for 12 h and placed into a 30 % sucrose/PBS solution 
overnight at 4 ◦C. The fixed tissues were cut into 6 μm-thick sections 
with a cryostat. The sections were processed with IHC treated with 
mouse anti-SOCS1 antibody (Servicebio Technology) overnight at 4 ◦C, 
with HRP-conjugated secondary antibody, and with DAB. The tissue 
sections were counterstained with hematoxylin for nucleus visualiza-
tion. Blood samples were collected from each group of mice every 7 days 
through the submandibular vein, and serum was obtained for ELISA 
detection of IFN-γ, IL-12 and IgG-OVA.

5.12. In vivo cancer therapeutic studies

To assess the in vivo therapeutic efficacy of the nanovaccine, C57BL/ 
6 mice were inoculated subcutaneously with 2 × 105 B16-OVA mela-
noma cells into the right rear side of the back of mice on day 0. Tumors 
were allowed to grow for 10 days and these tumor-bearing mice were 
randomly divided into seven groups. On day 10, day 17 and day 24, mice 
were subcutaneously vaccinated with either Saline, siRNA@KFS (5 
nmol KFS, containing anti-SOCS1 siRNA 0.231 nmol per mouse), KFS (5 
nmol per mouse), FS (5 nmol per mouse), antigen peptide SIINFEKL (5 
nmol per mouse), the physical mixture (5 nmol peptides and 0.231 nmol 
anti-SOCS1 siRNA) or antigen peptide combined with aluminum adju-
vant (5 nmol peptides and the dosage of aluminum adjuvant is three 
times the mass of the antigen peptides). To ensure the programmability 
of the nanovaccine, another tumor model was established. C57BL/6 
mice were inoculated subcutaneously with 2 × 105 B16F10 melanoma 
cells into the right rear side of the back of mice on day 0. Tumors were 
allowed to grow for 7 days and these tumor-bearing mice were randomly 
divided into 7 groups. On day 7, day 14 and day 21 mice were subcu-
taneously vaccinated with either saline, siRNA@KFgp100 (5 nmol 
KFgp100, containing anti-SOCS1 siRNA 0.231 nmol per mouse), 
KFgp100 (5 nmol per mouse), Fgp100 (5 nmol per mouse), antigen 
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peptide gp10025-33 (5 nmol per mouse), the physical mixture (5 nmol 
peptides and 0.231 nmol anti-SOCS1 siRNA) or antigen peptide com-
bined with aluminum adjuvant (5 nmol peptides and the dosage of 
aluminum adjuvant is three times the mass of the antigen peptides). 
Tumors were monitored every other day using calipers in three di-
mensions. Tumor volumes were calculated using formula V = 0.5 × L ×
S2, where L and S are the larger and smaller diameters, respectively. 
Mice were euthanized when the tumor volumes reached 1500 mm3. The 
tumor tissues were fixed in 4 % paraformaldehyde/PBS for 12 h and 
placed into a 30 % sucrose/PBS solution overnight at 4 ◦C. The fixed 
tissues were cut into 6 μm-thick sections with a cryostat. The sections 
were processed with IHC treated with mouse anti-CD8a antibody 
(Servicebio Technology) overnight at 4 ◦C, with HRP-conjugated sec-
ondary antibody, and with DAB. The tissue sections were counterstained 
with hematoxylin for nucleus visualization. Blood samples were 
collected from the submandibular vein of mice in both the siRNA@KFS 
group and the untreated group, and serum was obtained for blood 
biochemical tests.

5.13. Prophylactic and therapeutic studies with OVA-based nanovaccines

For the prophylactic study, different vaccines were subcutaneously 
injected into the female C57BL/6 mice of each group at intervals of one 
week for three times. 7 days or 30 days after the final vaccination, the 
vaccinated mice were subcutaneously challenged with 5 × 105 B16-OVA 
cells. The tumor volume was measured with a caliper every other day 
and calculated according to following the formula: V = 0.5 × L × S2, 
where L and S are the larger and smaller diameters, respectively. Mice 
were euthanized when the tumor volume reached 1500 mm3.

5.14. Analysis of memory T cells

The mice were administered with FS, KFS or siRNA@KFS on day 60 
after the final vaccination, the peripheral blood was analyzed by flow 
cytometry. The cells were stained with anti-mouse CD8α (0.25 μg in 100 
μL), anti-mouse CD44 (0.25 μg in 100 μL) and anti-mouse CD62L (0.25 
μg in 100 μL) antibodies for 30 min on ice and analyzed by flow 
cytometry. Central memory T cells were defined as 
CD8+CD44+CD62Lhigh and effector memory T cells were defined as 
CD8+CD44+CD62Llow. The specific information regarding the flow 
cytometry antibodies is listed in Table S6.

5.15. Gating strategies

The detailed gating strategies for all flow cytometry measurements 
are included in the supplementary Figures.

5.16. Statistical analysis

The methods for statistical analysis and samples sizes (n) are speci-
fied in the results section or figure legends for all of the quantitative 
data. All values are reported as means ± s.d. or means ± s.e.m. with the 
indicated sample size. No samples were excluded from analysis. All 
relevant statistical tests are two-sided. P values less than 0.05 were 
considered statistically significant. All animal studies were performed 
after randomization. Statistics were performed using Matlab software.
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al., L-ferritin binding to scara5: a new iron traffic pathway potentially implicated in 
retinopathy, PLoS One 9 (2014) e106974.

[42] B. Yu, C. Cheng, Y. Wu, L. Guo, D. Kong, Z. Zhang, et al., Interactions of ferritin 
with scavenger receptor class A members, J. Biol. Chem. 295 (2020) 15727–15741.

[43] Y. Qu, B. Zhang, Y. Wang, S. Yin, J.L. Pederick, J.B. Bruning, et al., 
Immunogenicity study of engineered ferritins with C- and N-terminus insertion of 
Epstein-Barr nuclear antigen 1 epitope, Vaccine 39 (2021) 4830–4841.

[44] T.B. Wyman, F. Nicol, O. Zelphati, P.V. Scaria, C. Plank, F.C. Szoka Jr., Design, 
synthesis, and characterization of a cationic peptide that binds to nucleic acids and 
permeabilizes bilayers, Biochemistry 36 (1997) 3008–3017.

[45] N. Miura, K. Tange, Y. Nakai, H. Yoshioka, H. Harashima, H. Akita, Identification 
and evaluation of the minimum unit of a KALA peptide required for gene delivery 
and immune activation, J. Pharmaceut. Sci. 106 (2017) 3113–3119.

[46] M.F. Bachmann, G.T. Jennings, Vaccine delivery: a matter of size, geometry, 
kinetics and molecular patterns, Nat. Rev. Immunol. 10 (2010) 787–796.

[47] S. Pechmann, E.D. Levy, G.G. Tartaglia, M. Vendruscolo, Physicochemical 
principles that regulate the competition between functional and dysfunctional 
association of proteins, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 10159–10164.

[48] F. Hämmerling, M.M. Pieler, R. Hennig, A. Serve, E. Rapp, M.W. Wolff, et al., 
Influence of the production system on the surface properties of influenza A virus 
particles, Eng. Life Sci. 17 (2017) 1071–1077.

[49] E.M. Cheng, N.W. Tsarovsky, P.M. Sondel, A.L. Rakhmilevich, Interleukin-12 as an 
in situ cancer vaccine component: a review, Cancer Immunol. Immunother. 71 
(2022) 2057–2065.

[50] M. Kurachi, CD8+ T cell exhaustion, Semin. Immunopathol. 41 (2019) 327–337.
[51] H. Jiang, Q. Wang, L. Li, Q. Zeng, H. Li, T. Gong, et al., Turning the old adjuvant 

from gel to nanoparticles to amplify CD8+ T cell responses, Adv. Sci. 5 (2018) 
1700426.
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